We report on a 2-year-old girl with situs ambiguus comprising right-sided stomach and spleen, left-sided liver and complex cardiac defect. Psychomotor development of this patient was normal, and no other major abnormalities were present. Chromosome analysis revealed a de novo balanced chromosome translocation t(X;1)(q26;p13.1). Molecular cytogenetic investigations identified a breakpoint spanning BAC clone on the X-chromosome containing the ZIC3 gene. Mutations in ZIC3 are associated with situs ambiguus and cardiac defects predominantly in males. This is the first report of a live born girl with an X-autosome translocation involving the ZIC3 region.
Introduction
Heterotaxy is a class of congenital malformations resulting from failed establishment of left-right asymmetry of the thoracic and visceral organs. The clinical consequences show great variability and comprise reversed (situs inversus), indeterminate (situs ambiguus) and normal position (situs solitus) of the internal organs; abnormalities of spleen (asplenia or polysplenia) and lungs (bilateral trilobed or bilobed lungs); and complex cardiovascular malformations. 1 Heterotaxy has been associated with mutations in several genes, 1 including ZIC3, which is located in Xq26 and encodes a zinc-finger transcription factor (MIM 306955). 2 -6 ZIC3-associated heterotaxy is an X-linked recessive disorder of variable clinical expression that predominantly affects males, but one heterozygous female with isolated congenital heart defect has also been reported. 4 In females, constitutional X-autosome translocations with one breakpoint in the ZIC3 region can lead to functional nullisomy of ZIC3 by suppressed expression of the gene on the translocation chromosome (caused by disruption of the gene, or position effects) and preferential inactivation of the normal X-chromosome. This situation has recently been reported in a female foetus with a balanced translocation t(X;21)(q26;p13) and the clinical features of ZIC3 mutations (situs ambiguus and cardiac malformations). 7 Here, we report on a 2-year-old girl with a chromosome breakpoint in the ZIC3 region and congenital complex heart malformation, situs ambiguus and normal psychomotor development.
Clinical report
The girl was born at term after an uneventful pregnancy (birth weight 2800 g (10th percentile), body length 47 cm (25th percentile), head circumference 32 cm (50th percentile)) to healthy and nonconsanguineous parents. Systolic murmur and cyanosis were noticed 6 days after birth. Investigations of the heart revealed a complex congenital cardiac malformation comprising double outlet right ventricle (arcus aortae and pulmonary artery arise from the enlarged right ventricle), small left ventricle, mitral valve insufficiency, common atrium with large atrial septal defect, persistent ductus arteriosus and persistent left superior vena cava. The girl also suffered from situs inversus (stomach and spleen on right side, liver on left side). No abnormalities of the spleen, the lungs or the urogenital organs were present. Low-set dysplastic ears and slight anal ectopia were additional features ( Figure 1a and b). Cardiac surgery was performed twice (application of central aortopulmonic shunt, ligation of ductus arteriosus and proximal stem of pulmonary artery, Glenn anastomosis). Mental and motor development was normal. At the age of 2 years, body height was 86 cm (10th percentile), weight 11 kg (25th percentile) and head circumference 47 cm (50th percentile).
Materials and methods
Cytogenetic investigations (GTG banding) on 25 metaphases obtained from PHA-stimulated peripheral lymphocytes were performed according to standard protocols. A de novo constitutional balanced translocation was found: 46,X,t(X;1)(q26;p13.1) (Figure 1c) . The maternal and paternal karyotypes were normal.
For fluorescence in situ hybridisation (FISH) experiments, a permanent lymphoblastoid cell line of the patient was established by EBV transformation according to standard protocols after informed consent. FISH was performed using YAC clones selected from the Whitehead Institute and BAC clones from the UCSC Golden Path Genome Browser (Supplementary Table 1 ). DNA samples were prepared according to standard protocols and were labelled by nick translation with either biotin-16-dUTP or digoxigenin-11-dUTP. Immunocytochemical detection of probes was performed as described elsewhere. 8 Chromosomes were counterstained with 46-diamino-2-phenyl-indole. Metaphases were analysed with a Zeiss epifluorescence microscope. An X-chromosome inactivation analysis was performed at the androgen receptor locus as described previously. 9 For Southern blot analysis, genomic DNA from the patient and control DNA were digested with restriction 
Results
Molecular cytogenetic analysis using FISH localised the X-chromosomal breakpoint between YAC clones 943D11 and ICRFy900D5032. Successive hybridisations with smaller clones showed that BAC RP11-478P11 overlaps the breakpoint (hybridisation signals on the normal chromosome X, the derivative chromosome X and the derivative chromosome 1) (Figure 1d ). The breakpoint on chromosome 1 was determined to lie between the adjacent clones BAC RP11-328E11 and BAC RP11-320J21 close to the centromere (Supplementary Table 1 ). The region covered by these two BAC clones on chromosome 1 contains several uncharacterised transcripts, but no known genes. X-chromosome inactivation analysis revealed complete skewing (data not shown).
BAC RP11-478P11 on the X-chromosome includes ZIC3, but no other known genes. Southern blot analysis covering ZIC3 and approximately 20 kb on each the 5 0 and the 3 0 side of ZIC3 did not reveal aberrant bands in patient DNA (data not shown), leading to the conclusion that the breakpoint is neither within nor in the immediate vicinity of ZIC3. Thus, the chromosome breakpoint is located either at the 5 0 or at the 3 0 side of ZIC3 with a distance of at least 20 kb.
Discussion
It is well established that in approximately 80% of female patients with X-autosome translocations, the rearranged X-chromosome is preferentially active and the normal X-chromosome inactivated. 10, 11 This was also the case in the foetus reported by Fritz et al. 7 Skewed X-inactivation was also present in our patient, thus mimicking the situation in hemizygous males (functional nullisomy). The specific phenotype of our patient is very likely caused by the absence of functional ZIC3, probably owing to disruption of the transcriptional unit from a regulatory element or owing to a position effect associated with the translocation breakpoints. Our patient is only the second reported case of a female translocation carrier with a breakpoint in the ZIC3 region suffering from situs ambiguus and complex cardiac malformation. 7 In contrast to our patient, the previously reported foetus with an X;21 translocation had asplenia, bilaterally four-lobed lungs and sacral hypoplasia as additional features. The parents of this foetus decided to terminate the pregnancy. The more complex phenotype in this foetus compared to our patient might be due to different breakpoints, possibly resulting in some residual ZIC3 expression of different degree in the two cases. On the other hand, variable phenotypes have also been described in males with identical mutations in ZIC3. 2 -4 The clinical features ranged from incomplete penetrance 3 (i.e. no detectable malformations in spite of a truncating ZIC3 mutation, which is associated with cardiac malformations in other male family members) and cases with isolated cardiac malformations to patients with heart defects and malposition of the abdominal organs, abnormalities of the lung, the spleen, the urogenital organs, anal and vertebral anomalies, olfactory nerve aplasia, cerebellar hypoplasia, craniosynostosis, duodenal atresia, omphalocele, cystic hygroma and cholestasis. 2 -4 Mental deficiencies have not been reported, but many patients died at too young an age for such problems to be noticed.
